ABSTRACT Modern electric drives use a self-commissioning procedure to precisely identify motor parameters for achieving high-performance control. Typically, the induction motor magnetizing curve is identified using no-load rotational test. However, some applications necessitate the electric drive to identify the magnetizing curve at standstill conditions. As one of the well-known standstill approaches, the traditional flux integration exhibits several practical problems. Any imperfection in measured current, estimated stator resistance, and dead-time compensation directly affects the accuracy of the estimated magnetizing curve because of error accumulation in open-loop integration. This paper proposes a robust yet simple solution against those practical concerns. It can identify the magnetizing curve without using any dead-time compensation and stator resistance. Only industry-standard dc-link voltage and phase current measurements are used. Its superior features are experimentally verified on a number of motors and the results are confirmed by no-load rotational test results. Its robustness against current offset and extra longer integration duration is also proved. 
High-end induction motor (IM) drive systems deploy various advanced control algorithms to implement observer-based sensorless field-oriented control, direct torque control, field weakening, condition monitoring to name a few. Most of these methods are highly parameter-dependent and require accurate offline or online parameter identification. For example, stator and rotor resistance, leakage and magnetizing
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inductance are used in observer design to estimate flux and speed in sensorless drives. High accuracy in those parameters is highly desired to ensure observer and speed estimation stability [1] , [2] . Accordingly, current dependent inductance values (magnetizing curve) can be used to update the parameters in the observers for better performance. Similarly, leakage inductance and inertia play crucial roles on current and speed controller designs. Magnetizing curve, which is the main focus of this paper, is also used in flux weakening and efficiency optimization methods [3] , [4] . Nevertheless, the electric drive users may not have expertise or tools to obtain accurate motor data for optimal control. Therefore, it is essential for commercial electric drives to have highly accurate self-commissioning capability [5] .
A typical functional flow of a high-performance IM selfcommissioning procedure is given in Fig. 1 . Here, the first step is current loop auto-tuning which is necessary for the next steps of self-commissioning as well as regular drive operation. Next, stator resistance (R s ) and leakage inductance (L σ ) are identified in Step-2 and -3.
Step-4 is the magnetizing curve identification which is discussed in this paper.
In the literature, a number of estimation methods for IM magnetizing curve are proposed as a part of self-commissioning routine. The fundamental method is the no-load rotational test [6] [7] [8] [9] . In this test, the motor is accelerated to certain speed such as 2/3 of the rated speed or more, and the slip is ignored because the motor is unloaded. Therefore, it is assumed that almost all the phase current goes through magnetizing branch because rotor resistance branch behaves as an open-circuit at no load. Magnetizing inductance can simply be calculated using phase currents, reference voltage and frequency. Furthermore, magnetizing inductance can be measured at different flux (V/f) levels. This way, the motor drive can simply obtain the magnetizing curve to deploy it in motor control.
However, the rotational test and corresponding assumptions may not be suitable for certain applications. Often, an inverter is connected to a motor which is coupled with a mechanical system. It is undesirable and too laborious for the users to decouple the motor from the mechanical system. Furthermore, the rotational test with mechanical load may result in poor performance, because of the restrictions imposed by the mechanical system and relatively high slip value. When the no-load rotational test is not possible, some studies prefer to estimate magnetizing inductance by means of the nameplate data such as rated power, current, slip frequency, and power factor [10] . However, such calculation cannot be very accurate for each individual motor. Also, only the magnetizing inductance (or equivalently no-load current) at the rated flux is estimated. That means the relation of magnetizing flux linkage versus current cannot be obtained. Therefore, a better solution to estimate the magnetizing curve is a standstill test in which the motor is not rotated.
We can classify the standstill test approaches as impedance [11] [12] [13] [14] [15] [16] and flux integration [17] [18] [19] [20] [21] [22] methods. Some of the early studies in the impedance-based standstill test are reported in [11] , [12] . Here, the so-called singlephase injection is applied at certain frequencies and the inductance values are calculated using impedance relations. Both inverter voltages and currents are physically measured and their amplitude and phase angle information are utilized. In [13] , a two-frequency single-phase test method is proposed. However, similar to [11] , [12] , complex and inter-dependent formulas are used to calculate the motor parameters. Therefore, T-and -models may exhibit inaccurate experimental results as pointed out in [13] . As an improvement to the two-frequency injection method, [14] proposes a dc-biased injection in order to decrease inverter dead-time effects. However, dc bias changes the operating point in the flux saturation curve and the result would be the differential (incremental) inductance around the operating point. To obtain the whole magnetizing curve, the authors of [15] suggest to gradually increase the injected singlephase current amplitude. However, [16] emphasizes that the flux linkages are different between the single-phase injection during the test and the nominal operation under three-phase excitation. Therefore, instead of zero-average ac signals with varying amplitude, [16] proposes to use dc-biased ac signals. Yet, in practice, this may decrease the measurement robustness due to the reduced ac signal amplitude.
Among the flux integration methods, [17] , [18] obtain the stator flux by integrating the voltage on the stator inductance (dλ s /dt) under step current excitation. A similar approach to measure mutual inductance is proposed in [19] where motor neutral point is needed. The method in [20] , [21] prefers to magnetize motor with dc current, apply a zero vector and then execute integration while magnetizing flux is decaying. A similar approach which apply ramped voltage and estimates magnetizing flux and magnetizing current from IM model is proposed in [22] .
The limitation of the flux integration method is the openloop integration of dλ s /dt because the dλ s /dt is not measured but estimated from the so-called IM voltage model using voltage references inside current controller, dead-time compensation and the voltage drop on the stator resistance. Any inaccuracy in the parameters affects the identified magnetizing curve result at an increasing rate proportional to integration time. In practice, it is very difficult to obtain stator resistance with perfect accuracy or fully compensate the dead-time and other inverter nonlinearities. Also, current measurement offset is another potential problem because it is used to calculate the voltage drop across the stator resistance. All these practical issues contribute to the error in dλ s /dt estimate and magnetizing curve identification. Moreover, the error become worse with the longer integration time.
Considering all these problems in the existing methods, this paper proposes a robust solution for standstill identification of IM magnetizing curve. The proposed solution improves the flux integration approach and addresses the aforementioned practical problems. First of all, it identifies the magnetizing curve without using dead-time compensation and stator resistance information; therefore, any imperfection in these cannot influence the magnetizing curve identification result. Moreover, it only uses industry-standard dc-link voltage and phase current measurements. Measurement of noisy inverter output voltages is avoided. Therefore, it can readily be applied in industrial drives with existing hardware. Second, the proposed method mitigates the possible errors in the identified magnetizing curve due to the current measurement offsets. Third, it provides a handy method to determine VOLUME 7, 2019 FIGURE 2. Per-phase induction motor model in inverse-form [24] .
the test duration of flux integration. In case the rotor time constant is not known, the proposed method can be used to roughly predict it to determine the integration time. Furthermore, the proposed method is robust against long integration durations; thus, it can tolerate the safe choices of extra long integration duration due to the uncertainties on the rotor time constant information.
In the following, Section-2 examines the existing methods in detail and Section-3 discusses the proposed method. Experimental verifications are provided in Section-4 using several different motors.
II. EVALUATION OF MAIN APPROACHES A. IMPEDANCE BASED: STEADY-STATE TEST WITH VERY LOW-FREQUENCY CURRENT INJECTION
In the impedance based approach [11] [12] [13] [14] [15] [16] , sinusoidal current injection is adopted. Then, the impedance values are obtained using the amplitude and phase of the motor voltage and current. The input impedance of the IM model in inverseform [24] of Fig. 2 is given in (1). L M value is then obtained using (1) and the estimated impedance value.
In this approach, injection frequency is very critical. The reason is that the short-circuited rotor bars create a lowimpedance path for the injected current. The rotor circuit impedance (L M // R R ) exhibits a high-pass filter behavior as shown in Fig. 3 . The frequencies higher than 1/τ r experience almost constant gain which is equal to R R . Therefore, in order to acquire reliable information from magnetizing branch, the injection frequency should be limited to very low values, typically less than 1/τ r . In this way, magnetizing impedance becomes less than rotor resistance and then most of the current goes through L M and provides information related to L M . However, as seen in (1), the input resistive and inductive impedances are complicated functions of several motor parameters. Hence, in order to limit the inaccuracies in R R affecting the L M identification, typically the injection frequencies much lower than 1/τ r are chosen [16] . This frequency range is depicted in Fig. 3 .
However, such low injection frequency makes the identification process very delicate. Basically, the impedance methods depend on the phase difference between voltage and current sinusoids to distinguish inductive component from resistive one. However, at very low injection frequencies, the inductive effect is very low. Hence, phase difference between voltage and current is low and difficult to detect accurately. For example, Fig. 4 shows for the tested motor IM-1 that 97% of the total impedance comes from the stator resistance because at this very low frequency, inductive impedance is so small. When the dead-time induced distortion voltage V dist (which also exhibits resistive behavior) is included into the analysis, the situation becomes worse.
In addition, magnetizing curve identification requires the flux linkage (or L M ) value with respect to current change. In the impedance-based approach, small signal inductances may be identified using dc + ac current injection where the dc part determines the operating points and the ac part is 55424 VOLUME 7, 2019 used to find the inductance. Then, the curve of flux linkage versus current may also be found from the small-signal inductances [16] . However, this method requires a reduction in ac signal amplitude for small-signal excitation. As a result, the combination of low signal amplitude and low frequency decreases the robustness of this approach.
Overall, the disadvantages of this approach are the injection at very low frequency which increases the sensitivity and complex input impedance relation of (1) in which inaccuracy in one parameter diffuses to others.
B. FLUX INTEGRATION: TRANSIENT TEST WITH DC-MAGNETIZATION
In this approach [17] [18] [19] [20] [21] [22] , basically a step current is injected into IM for dc magnetization. The flux takes approximately 5τ r of time to settle down. During this time, the voltage on stator inductance (dλ s /dt) is integrated to obtain the stator flux linkage. By repeating this with several current values, magnetizing flux curve can easily be achieved.
The motor model is provided in Fig. 5 , including inverter distortion voltage, V dist . The IM voltage model is simply given in (2). Here,V s is the stator voltage reference inside the controller while V s is the actual but unmeasured motor voltage. Then, the stator flux linkage with respect to certain current level I s is found by integrating the estimated voltage on stator inductance (dλ s /dt) as formulized in (3).
However, this approach bears some practical shortcomings [23] . The fundamental problem is that the voltage on the stator inductance (dλ s /dt) cannot be measured; instead, it should be estimated. Common industry practice in electric drives is to estimate the inverter output voltage from dc-link voltage and voltage reference inside controller rather than directly measuring the inverter output voltage which is highly contaminated with noises from PWM. As a consequence, resistive drops in the stator winding (I s R s ), dead-time and inverter power semiconductor induced distortion voltage (V dist ) directly affect the estimation of the voltage on the stator inductance (dλ s /dt). Any inaccuracy in these parameters results in an error term (V error ) in the flux integration as shown in (4) which consequently causes incorrect magnetizing curve identification. Notice that during the test, dλ s /dt value is naturally low once the stator current stabilizes to its reference. Then, dλ s /dt value is equal to the magnetizing branch voltage which exponentially decays from the initial rotor voltage (I s R R ). Therefore, even low V error might remarkably affect the magnetizing curve identification because of the relatively low dλ s /dt. In addition to that, the integration duration determines the severity of the situation because V error is integrated and its corresponding error in flux identification accumulates with time.
In order solve these problems, this paper proposes a robust method which improves the flux integration approach without R s and V dist information.
III. PROPOSED METHOD A. METHODOLOGY
As a flux-integration type approach, the proposed method also uses dc magnetization of the motor in order to identify the magnetizing curve. When the stator current is regulated to a constant value, the rotor flux needs sometime to converge its steady state value. During this time, the voltage reference generated by the current controller decays like in Fig. 6 . Here, the first 5τ r includes the flux term (dλ s /dt) to develop the flux, R s drop and V dist . However, beyond 5τ r , the rotor flux settles down and the voltage reference includes only R s drop and V dist . The proposed method makes use of this redundancy because R s drop and V dist exist in the voltage reference during both the first 5τ r and the second 5τ r . In this way, it rules out the need for explicit R s and V dist values.
The proposed method is basically applied in two time frames, first 5τ r and second 5τ r duration. For both time frames, the voltage reference (V s ) (the current controller output) is directly integrated as Basically the difference between these two integrations gives the actual stator flux linkage for the particular current level as given in (5a) because resistive drop and distortion voltage cancel out due to redundancy in the two time frames as explicitly shown in (5b). This equation is also graphically visualized in Fig. 6 as yellow area. In short, the effects of R s and V dist VOLUME 7, 2019 FIGURE 6. Stator voltage evolution after step current application.
on the magnetizing curve identification are implicitly taken into account without using their explicit values. Notice that dead-time (inverter distortion) compensation is not used.
B. DETERMINING THE INTEGRATION DURATION
In (5), the duration of flux integration depends on the rotor time constant. However, at this stage of self-commissioning ( Fig. 1) , rotor time constant (τ r ) may not be known. As a solution, this paper proposes a method that approximately estimates the τ r using motor nameplate parameters. At this stage, it is sufficient to know where the τ r lies roughly. The proposed method does not need an exact value as it is robust against extra longer integration time.
A brief vector diagram of current and voltage at the rated operating conditions is provided in Fig. 7 by taking the magnetizing branch voltage V M as reference (zero phase angle). Here, the rated stator phase voltage V s , stator phase current I s , power factor angle ϕ and slip frequency ω sl are known from nameplate.
In order to roughly estimate τ r from nameplate and then determine the duration for integration, the well-known slip relation in (6) is used. The rated slip frequency is already available from the nameplate. Therefore, only the angle α shown in Fig. 7 is needed to estimate rotor time constant as seen from (6b).
The angle α can be calculated using nameplate as well as R s and L σ values which are previously identified in
Step-2 and -3 of the self-commissioning procedure. The series impedance of R s and L σ in complex form is given in (7) where ω is the rated electrical frequency in rad/s, Z σ is the impedance magnitude and θ σ is the phasor angle of the impedance at the frequency of ω.
Then, using the vector equality in the imaginary axis of Fig. 7, (8) is obtained. By solving it for α, we obtain (9).
At last, the estimated τ r is given in (10) using (6) and (9).
The estimated τ r in (10) basically provides a reasonable reference for the integration time. To be on the safe side, multiples of (10) can be used as the flux integration time. Here, the increased integration time is not a problem because the proposed method does not use (3) which is error-prone as shown in (4) due to the integration of possible errors in resistive drop and distortion voltage. Hence the proposed method is robust to the increased integration time which is also verified experimentally. This is a clear advantage while many methods proposed in the literature are sensitive to the integration time due to the open-loop integration of errors in R s estimates and dead-time compensation etc.
C. MITIGATION OF CURRENT MEASUREMENT OFFSET
The proposed method is robust to current measurement offset errors because the proposed method of (5) does not include current term as opposed to the traditional method of (3). Hence the identified flux linkage value does not diverge as the duration of integration increases. However, the actual motor current and hence the actual flux linkage in the motor are shifted with the offset amount as shown in Fig. 8 . This is unavoidable because the current controller uses the current feedback with offset.
As shown in Fig. 8 , a negative offset causes the current controller to unintentionally regulate the current to higher value with the offset amount and result in an increased flux linkage in positive currents. Conversely, negative currents experience reduction in flux linkage amplitude. Therefore, this paper proposes to average the flux linkages under positive and negative currents to mitigate the problem as given in (11).
Accordingly, both positive and negative currents with the same amplitudes are applied as shown in Fig. 9 and their resulting flux linkages are averaged at each test point (current level) as given in (11) .
In Fig. 9 , when the current reference goes from positive to negative or vice versa, current is first regulated to zero with 5τ r duration and the flux is allowed to decay to zero before the next test. Consequently, the flux calculation at every point starts from zero and does not affect other test points. 
IV. EXPERIMENTAL RESULTS
Several experiments are carried out to verify the proposed method. As shown in Fig. 10 , test algorithm assigns dc current references to the current controller and the corresponding voltage reference (current controller output) is directly integrated with two time blocks at each current level. Here, the existing vector control structure and dq-frame current controller can be utilized with a 'constant' Park transform angle such as 0 or π /2 (equivalently α-or β-axis in stationary frame). In this way, the whole task can be realized with small additional code which improves the microcontroller processing power and memory utilization.
The overall experimental system is shown in Fig. 11 and its parameters are summarized in Table-1.
A. TRADITIONAL FLUX INTEGRATION METHOD
The traditional flux integration uses (3) to identify the magnetizing curve. To experimentally show the shortcomings of the traditional method, accurate R s and V dist values are obtained. However, the traditional method is highly sensitive. Therefore, R s and V dist need to be iteratively fine-tuned to their accurate values that stator resistance is 0.717 and distortion voltage is modeled as an arctangent function of phase current as shown in (12) and Fig. 12 .
The accuracy of the fine-tuned R s and V dist is verified by comparing the results of the traditional method in (3) and the VOLUME 7, 2019 FIGURE 11. Test setup.
FIGURE 12.
Inverter distortion voltage with respect to phase current. reference no-load rotational test. Hence, the results in Fig. 13 shows the accuracy of the fine-tuned R s and V dist because the traditional method in (3) and reference rotational test give almost same results for various integration times.
However, in practice, there is hardly any opportunity to iteratively fine-tune the R s and V dist parameters because the drive does not have a reference magnetizing curve from rotational test for comparison and fine-tuning. Hence, it is very possible to have some identification errors due to R s and V dist if the traditional method of (3) is adopted. For instance, 5% error is introduced in R s of (3) while V dist is kept the same. It is seen in Fig. 14 that even a small error can cause 100% or more error in flux linkage identification. Furthermore, as expected, integration time directly affects the severity of this error in the estimated magnetizing curve.
In the next part, 5% error is introduced in V dist while R s is kept accurate. Similar to the previous case, small parameter mismatch can cause enormous inaccuracies in the identified magnetizing curve as shown in Fig. 15 .
As expected from the previous discussions, the traditional flux integration approach is experimentally shown to be very error-prone due to the parameter mismatches in R s and V dist . In addition, the duration of flux integration worsens the situation.
B. PROPOSED METHOD
From the previous experimental results, it is clear that a robust method is needed against parameter mismatches and flux integration duration. In the proposed method, the flux linkages are calculated using (5) at several current levels to adequately cover the whole flux linkage vs. current curve. In Fig. 16 , the current waveform is shown during the test. Current rises from 1 A to 9 A to obtain magnetizing curve. Also, in each current level, both positive and negative currents are applied. Then, the resulting flux linkages are averaged as given in (11) to mitigate the effects of current offset.
In Fig. 16 , the total test duration is 108 seconds because 5τ r is simply taken as 2 seconds which is more than the value that is calculated from (10) . The reason is, as discussed earlier, to be on the safe side and not to lose any flux term due to the less-than-necessary integration duration because (10) can only be as accurate as the nameplate values. Therefore, (10) is used as a reference point in the selection of more conservative integration duration.
The identified magnetizing curve is provided in Fig. 17 . It is clear that the proposed method matches with the reference curve from no-load rotational test very well. Furthermore, this is achieved without using any R s and dead-time compensation. In this sense, high accuracy is obtained with less effort and high robustness. 
C. PROPOSED MITIGATION METHOD AGAINST CURRENT MEASUREMENT OFFSET
To verify the robustness of proposed mitigation method against current measurement offsets, a 500-mA offset is intentionally introduced during the test. Although this is too high and may not be encountered in practice, it is used to clearly show the effects of current offset and the mitigation. As shown in Fig. 18 , the flux linkage amplitudes under positive and negative currents are slightly different due to the offset. As expected, positive flux is higher than the negative flux. When the proposed averaging method in (11) is applied, the result matches very well with the reference curve from the rotational test.
D. ROBUSTNESS AGAINST INTEGRATION TIME
As shown in Figs. 14-15, the integration duration can negatively affect the identification in traditional flux integration method. Some motors may have larger rotor time constants. Or intentionally a higher integration duration may be chosen to be on the safe side because precise rotor time constant information may not be available at this stage of self-commissioning. Therefore, the deployed method should be flexible and robust against increased integration duration. Fig. 19 shows the identified magnetizing curves for various integration durations where it is clear that the proposed method is immune to integration duration variations. Therefore, it can easily be used when the rotor time-constant information is not precisely known; and allows the usage of longer integration duration to be on the safe side. 
E. MORE SAMPLES FOR VERIFICATION
In this section, the test results from another two motors are successfully obtained and depicted in Fig 20. The nameplate values of the motors are given in Table- 2. The identified magnetizing curves of the motors also matches very well with the reference rotational test curve.
After finding the magnetizing curve, the rated magnetizing current (I d ) can easily be calculated. Also, it can be used for flux weakening control, flux control for higher energy efficiency, and high-performance observers with parameter updates depending on operating points.
V. CONCLUSION
This paper presents a robust solution for standstill identification of induction motor magnetizing curve. The traditional solution of the no-load rotational test is not applicable in some cases due to the mechanical restrictions of the driven system. Therefore, self-commissioning routines of IM drives should include a standstill solution as well. However, the previous solutions in the literature are, in general, very sensitive to parameter errors. It is experimentally shown that the traditional flux integration is significantly affected from stator resistance and dead-time compensation errors. The proposed method can accurately identify induction motor magnetizing curve and it does not require stator resistance estimation and dead-time compensation. Furthermore, it is experimentally shown to be very robust against integration duration. Therefore, arbitrarily long integration times can safely be used. A guideline for selection of integration duration is also provided to finish the test in a reasonable time. In addition, this paper proposes a mitigation method for current measurement offset which is especially useful for improving the accuracy of the magnetizing curve at lower current levels. Overall, the proposed method is an end-to-end, robust solution which is simple to implement without creating extra burden on hardware and software requirements.
